Many National Wildlife Refuges (Refuges) have impaired water quality resulting from historic and current land uses, upstream sources, and aerial pollutant deposition. Competing duties limit the time available for Refuge staff to identify and evaluate potential water quality issues. As a result, water quality-related issues may not be resolved until a problem has already arisen. This study developed a geospatial approach for identifying and prioritizing water quality issues affecting natural resources (including migratory birds and federally listed species) within Refuge boundaries. We assessed the location and status of streams pursuant to the Clean Water Act in relation to individual Refuges in Oregon and Washington, United States. Although twelve Refuges in Oregon (60%) and eight Refuges in Washington (40%) were assessed under the Clean Water Act, only 12% and 3% of total Refuge stream lengths were assessed, respectively. Very few assessed Refuge streams were not designated as impaired (0% in Oregon, 1% in Washington). Despite the low proportions of stream lengths assessed, most Refuges in Oregon (70%) and Washington (65%) are located in watersheds with approved total maximum daily loads. We developed summaries of current water quality issues for individual Refuges and identified large gaps for Refuge-specific water quality data and habitat utilization by sensitive species. We conclude that monitoring is warranted on many Refuges to better characterize water quality under the Clean Water Act.
Introduction
and FWS Manual Chapter 601 FW 3-Biological Integrity, Diversity, and Environmental Health for maintaining and restoring biological integrity, diversity, and environmental health (www.fws.gov/policy/manuals/). In addition, management guidance documents related to water quality, including comprehensive conservation plans and water resource assessments, are being developed for individual Refuges.
The Clean Water Act was established in 1972 to restore and maintain the chemical, physical, and biological integrity of surface waters in the United States (Code of Federal Regulations 2005) . Water quality standards, the conceptual basis for the surface-water pollutioncontrol program of the Clean Water Act, define the goals for a water body by designating its uses (e.g., drinking water supply, primary or secondary contact recreation, aquatic life use support), setting criteria to protect those uses, and establishing antidegradation provisions. Under Clean Water Act Section 305(b), states are required to prepare biennial water quality assessment reports that identify where and why navigable water bodies are not meeting state water quality standards. Water bodies that do not meet water quality standards are considered ''water quality-limited'' and placed on the impaired waters list under Clean Water Act Section 303(d). Impaired water bodies are placed into one of five categories representing different levels of water quality standard attainment based on U.S. Environmental Protection Agency (USEPA) guidance (Table 1; USEPA 2003) . Once a water body is listed as 303(d) impaired, the Clean Water Act requires the state to develop a total maximum daily load (TMDL) for the impaired water to protect beneficial uses by minimizing further degradation. After the TMDL is approved by the USEPA, an implementation plan is prepared and initiated by the state. A TMDL is an estimate of the maximum amount of a pollutant that a water body can receive and still meet the water quality standards. It is calculated as the sum of 1) waste load allocation, which is the amount of pollutant from all existing point sources (e.g., sewage treatment plant; industrial facility), 2) load allocation, which is the amount of pollutant from existing nonpoint sources and natural background (e.g., runoff or atmospheric deposition), and 3) a margin of safety that reflects uncertainty associated with the TMDL estimate. A TMDL commonly targets anthropogenic sources such as agriculture, silviculture, industry, and urban centers (e.g., stormwater runoff). In addition, discharges from natural and managed wetlands or other aquatic habitats (e.g., meadows) are also affected by load-limit regulations. Because reporting on the status of implementation is not required under the Clean Water Act or by USEPA, it is often difficult to assess progress toward meeting a TMDL.
The regulatory requirements associated with a TMDL represent one of the ultimate challenges for adaptive management on Refuges. States prepare and apply TMDL implementation plans that allocate contaminant load limits among all discharges within a watershed (including wetlands) to maintain or improve water quality. Although wetland and water management on Refuges may be affected by or contribute to the establishment and implementation of a TMDL, many Refuges are not prepared to adapt to an existing or proposed TMDL. Specifically, a TMDL may force alterations of Refuge water-management programs (e.g., no wetland drawdowns after 01 April) that can affect the quantity and quality of Refuge aquatic habitats. As a result, a Refuge could fail to achieve habitat and wildlife objectives. In addition, new or existing invasive plant issues could develop or expand due to altered water regimes, especially considering climate change predictions. A TMDL may also impact FWS-coordinated efforts for resource management with conservation partners in larger landscapes beyond Refuge boundaries.
Consistent with the Clean Water Act, the overarching goal of this study was to identify and anticipate water quality issues that might affect the integrity of water bodies on Refuges. The FWS initiated this study jointly with the USEPA and the U.S. Geological Survey to improve their understanding of water quality and potential risks involving impaired water bodies on the public lands they manage. Oregon and Washington were chosen as pilot states to develop and test the approach. Our specific objective was to develop a geospatial analysis to identify water quality issues for each Refuge in Oregon and Washington.
Methods

Study area
The Refuges in Oregon and Washington (n = 40; Table 2 ) are diverse in size, habitat, and management goals. Although most were established to broadly (USEPA 2003 All total maximum daily loads needed for attainment of applicable water quality standards have been approved
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protect waterfowl and other migratory birds, several Refuges were created to manage specific species (e.g., Julia Butler Hansen Refuge for the Columbia White-tailed Deer, Hart Mountain National Antelope Refuge). Landuse characteristics of these Refuges range from high urbanization, to intense agriculture, to relatively undeveloped. Multiple Refuges are located along the Columbia River (n = 10) and the Pacific Coast (n = 10; Figure 1 ). We completed a summary for each Refuge to provide an overview of the most current water quality issues from a regional and Refuge perspective. 
Geospatial data acquisition and analysis
We acquired geospatial data sets (layers), including approved Refuge boundaries, water-related data sets from USEPA and states, and land cover, from various sources ( Table 3 ). The approved Refuge boundary data layer depicts the external boundaries and parcels designated as acquired (fee-title ownership or managed by FWS) or under private ownership. Understanding water quality issues on private parcels is important so that Refuge staffs are aware of potential impairments after the land comes under FWS management. The most recent 303(d) impaired waters spatial data were obtained from state Geographic Information System (GIS) clearinghouses. For Washington, the 303(d) data layer was a polygon shape-file with locations of attainment category 5 impaired waters (those requiring a TMDL), and the 305(b) data layer was a polygon shape-file documenting locations of all sampled waters. The National Land Cover Database is a 30-m-resolution land-cover data layer of the conterminous United States from 2001 Landsat 5 and Landsat 7 imagery (Homer et al. 2004) .
We determined the water quality assessment status of water bodies within approved Refuge boundaries. Under the Clean Water Act, water bodies can be listed as impaired, not impaired, or not assessed. We identified stream reaches (parts of a stream between designated tributaries) within Refuge boundaries assessed as impaired for one or more parameters based upon their inclusion in a state's 303(d) list. Listing criteria for 303(d) impaired waters are based on state water quality standards, which are grouped into key elements that include beneficial uses, narrative and numeric criteria, and antidegradation policies (WSDE 2006; ODEQ 2007) . The specific parameters considered in state water quality standard assessments differ. Oregon and Washington both have water quality standards for bacteria, dissolved oxygen, pH, phosphorus, temperature, total dissolved gas, toxic substances, and turbidity. Oregon also has standards for aquatic weeds or algae, biological criteria, chlorophyll a, and sedimentation (ODEQ 2007) , and Washington has standards for bioassessment and contaminated sediments (WSDE 2006) . We categorized a stream reach as assessed but not impaired if 305(b) data (assessed waters) did not overlap with 303(d) data (impaired waters). We considered stream reaches not assessed if they had no corresponding 305(b) or 303(d) data. Determining total stream length within the Refuge boundary allowed for the calculation of the percent of total Refuge waters that have 303(d) impaired waters and, perhaps more importantly, the percent of Refuge waters that were assessed under the Clean Water Act. Such information allows for 303(d) impaired waters data to be kept in perspective of total water resources available within a Refuge.
We conducted spatial overlay analysis in ArcGIS 9.3. The 303(d) impaired water data sets had different data structure (impaired streams are lines in Oregon and polygons in Washington) and required separate analysis.
The National Hydrography Dataset streams in Oregon within approved Refuge boundaries were clipped, visually inspected, and refined to prevent unintentional exclusion of segments that were coincident with the Refuge boundary. We then calculated clipped stream reach lengths (km). We matched the stream centerlines from state 303(d) impaired water data and the National Hydrography Dataset to compare impaired and not impaired stream reaches. The National Hydrography Dataset streams in Washington within the approved boundary were clipped as described for Oregon, except that the 2008 water quality data were obtained as two polygon shapefiles, 303(d) impaired waters and 305(b) assessed waters. We extracted the National Hydrography Dataset stream centerlines within the boundaries of these two polygon data sets using the intersected function of ArcGIS. We then imported results from the analysis into Microsoft Access to build a relational database. An example of the raw data from the spatial analysis can be found in the Supplemental Material (Data S1, http://dx.doi.org/10.3996/112010-JFWM-043.S1).
Results
We determined the water quality assessment status for Refuges in Oregon and Washington. Overall, 12 Refuges (Table 5 ). As a percentage of total stream length for a Refuge, the 303(d) impaired length was 0 to 86% in Oregon and 0 to 32% in Washington (Table 5) . Relatively small proportions (,14%) of Refuge streams in Washington were assessed as not 303(d) impaired; the length of these nonimpaired streams ranged from ,0.1 to 9.4 km ( (Table 5 ). In general, the absence of a TMDL indicates that the watersheds have had little assessment under Clean Water Act activities, rather than an absence of water quality issues.
Refuge water quality summaries were designed to be standalone documents for Refuge staff (see example in Supplemental Material, Data S1; http://dx.doi.org/10. 3996/112010-JFWM-043.S1). Summaries were organized to provide information on Refuge background (purpose, species of concern, boundary, and ownership), TMDL status and 303(d) impaired water listings (changes in listings between reporting cycles, impaired stream reaches, parameters responsible for impairment, and prioritization of impairment), and additional information (other biological, chemical, and physical data available). Drafts of the data sets are available in the Supplemental Material (Data S2, http://dx.doi.org/10.3996/ 112010-JFWM-043.S2; Data S3, http://dx.doi.org/10. 3996/112010-JFWM-043.S3; Data S4, http://dx.doi.org/ 10.3996/112010-JFWM-043.S4; Data S5, http://dx.doi. org/10.3996/112010-JFWM-043.S5). Individual Refuge summaries provide information for Refuge staffs to be proactive in addressing water quality issues by providing current 303(d) impaired waters and TMDL issues, web links and contacts for 303(d) lists and TMDL development status, TMDL implementation schedules, and potential involvement in TMDL planning teams.
Discussion
Identifying Refuge stream reaches designated as not impaired or not assessed is important to understand the water quality assessment status of Refuges. Overall, little is known about the water quality of stream reaches within Refuges in Oregon and Washington. Consequently, it cannot be assumed that water quality is good or not impaired for Refuges that have not been assessed under the Clean Water Act given the diverse acquisition history of some properties (e.g., former military facilities, farmland). The lack of water quality assessment on Refuges is not related to sampling design. Neither ODEQ nor WSDE exclude Refuges or other public lands from their 303(d) sampling activities, but much of the sampling is collaborative. More waters on Refuges might be assessed if state and Refuge staff could coordinate water quality monitoring activities. In addition, certain parameters including pharmaceuticals, surfactants, household cleaners, and plasticizers are currently not regulated under the Clean Water Act, but have been associated with deleterious effects to water quality and aquatic biota. Therefore, other water quality issues may exist on FWS properties outside of those identified by 303(d) impaired waters activities.
Listing strategies for 303(d) impaired waters need to be considered when interpreting water quality data. The exceedance of a water quality standard that triggers an impairment in a water body can differ among states. For example, the freshwater acute criterion for p,p'-DDE is 1,050 mg/L in Oregon and 1.1 mg/L in Washington. Although this may be an extreme case, the betweenstate differences in water quality standards that lead to a 303(d) listing must be considered when interpreting data Figure 2) . For example, waters with categories 2-5 are on the 303(d) list in Oregon; however, Washington includes only those waters designated as category 5.
Once a water quality standard is exceeded, procedures to list water bodies as impaired differ among states. In Washington, 303(d) impaired waters are listed using either a segmentation system (1-mi[1.6-km] segments of smaller rivers and streams) or a grid cell system (larger rivers and lakes over 1500 acres [607 ha]) system (WSDE 2006) . Entire tributaries in Oregon are designated as impaired if any sample in the reach does not meet numeric criterion (ODEQ 2007 ). These differences in listing procedures have contributed to Oregon having more 303(d) impaired waters by stream length than Washington (Figure 2) . The FWS needs to be able to prioritize water quality issues for remediation based on Refuge management objectives and with fiscal responsibility. Competing obligations limit staff time for tracking potential water quality issues, and water quality-related issues may not be dealt with until a problem has already arisen. Therefore, this study created a template to summarize current water quality issues for individual Refuges. Water quality information is pertinent for completing water resource inventories and assessments on Refuges. Specifically, these data can be used to define water quality and condition and to identify threats to water quality outlined in water resource assessment documentation. Data from this study will minimize the data acquisition phase for these components in the water resource assessments for Oregon and Washington. Identification of water quality impairments on Refuges will be directly applicable to sensitive species and habitats of concern as identified in comprehensive conservation plans. Parameters resulting in water quality impairments will differ in their potential threat to species of concern and warrant consideration when management decisions regarding species and their habitats are made.
Multiple factors need to be considered when evaluating 303(d) impaired waters for a Refuge. Defining a single set of ranking factors for all Refuges would be ineffective because management goals differ; therefore, the prioritization of parameters will depend on the species of interest and habitat dynamics. Management objectives for species and habitats, as well as the toxicity of impaired parameters to biota, could guide the prioritization process. In addition, the specific parameter for which a stream reach is considered impaired, especially one with an approved TMDL, could also influence the prioritization. The 303(d) impaired waters listing strategy also has to be considered. For example, parameters listed as impaired in attainment category 2, 3, 3B, or 4C are of lower concern than category 4A or 5 in Oregon. The magnitude of a water quality standard exceedance is also important to consider, but can be difficult to derive because states differ in the data they make publically available or the data may not be electronic (e.g., ODEQ 2010; WSDE 2010) .
Species utilization of particular water bodies is also an important factor. Stream reaches, wetlands, and other water bodies that are known to host sensitive species are important because they relate directly to management goals of the Refuge. Examples include spawning habitat for salmon and nesting habitat for migratory birds. In addition, different parameters listed as 303(d) impaired may have greater influence on certain species than others; an impairment related to sedimentation may be more important to consider for a sensitive species of mussel compared to an impairment based on Escherichia coli. Site-specific inventories of sensitive species are not complete for many Refuges; therefore, resource managers may list the entire Refuge area as habitat used, which further highlights the need for inventory and monitoring of sensitive species.
Linking other data related to contaminants in water, sediment, and biota from Refuge studies may be helpful in understanding and interpreting 303(d) impaired water issues. Contaminant concentrations in biota are especially important to consider. Because Refuge management goals focus on biota and their habitats, there is a need to place 303(d) impaired waters into a biological context. The water quality standards, which provide the criteria for listing waters as impaired, may not adequately address impacts to all species and species groups that are management objectives for individual Refuges. Moreover, relating contaminant concentrations (e.g., parameters listed as impaired) in water to contaminant effect thresholds in plants and animals based on tissue concentrations presents uncertainty. Quantifying concentrations of bioaccumulative contaminants in biological samples from Refuges could determine whether parameters listed as 303(d) impaired are of concern for plants and animals, and would provide baseline contaminant information prior to a release (e.g., new permitted discharge, dam removal, oil spill).
We identified significant gaps in Refuge-specific water quality data. Assessment of those Refuge waters that have not been evaluated under Clean Water Act Section 305(b) activities could be a priority to characterize current water quality on a greater proportion of Refuge stream reaches. Many of the 303(d) impaired waters within Refuge boundaries were based on criteria exceedances upstream of the Refuge, and the data from which the listing was initiated were not current (e.g., collected before 2002). Therefore, additional water quality inventory and monitoring is warranted on Refuges.
By following a stepwise process, Refuge managers and contaminant specialists could consider issues associated with impaired water listings, and then move forward in their management plans by characterizing likely sources. Management actions could then be prioritized by considering the biological relevance of the impairment along with impacts to sensitive species. Studies designed to assess the Refuge's contribution to an impaired reach would help direct management strategies to minimize or eliminate such contributions. Conducting mass balance studies or monitoring those parameters for which TMDLs have been proposed or implemented may be informative. Given the potential impacts of off-Refuge inputs to receiving waters, biological resources would benefit from identifying and implementing land management practices that reduce on-Refuge inputs by multiple sources.
Another data gap is high-resolution land use-land cover data, which were not available for all Refuges but would be informative for regional water quality analysis. Available land use-land cover data are dated and the resolution too coarse for smaller Refuges (Homer et al. 2004) . Orthoimagery is available (U.S. Department of Agriculture 2010), but land cover percentages cannot be calculated easily from these data. High-resolution land use-land cover data could be used to group Refuges and their surrounding watersheds by dominant land-cover type. For example, these data could match certain parcels with specific management objectives or compare similar habitats among Refuges. Data analyses could determine whether certain parameters listed as impaired are generally associated with a specific land use-land cover type (e.g., pesticides in agricultural areas). This information could be applied to Refuges that have not been assessed to identify potential contaminants of concern.
Creating a GIS-based water quality module for future use by Refuge managers will require staff time devoted to updating the various data layers and communicating with state water quality experts. Expertise in ArcGIS and other database programs will be needed to ensure compatibility of geospatial data. As new geospatial data become available for Oregon and Washington, it will need to be clipped to the Refuge boundaries, visually inspected and refined, and imported into the existing database. Geospatial data layers including Refuge boundary, TMDL, and 303(d) listed waters are continually updated. Maintaining such a module at the regional or national level, rather than the individual Refuge level, would be most efficient because most geospatial data are available at the state level. Regional-level maintenance would also utilize established GIS expertise within the FWS and alleviate the need for special training at the Refuge level. Nevertheless, the framework and established database queries for the GIS module developed in this study provide the foundation for future data updates and could be applied to other regions of the National Wildlife Refuge System.
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